










Abstract.	Soon,	pervasive	 computers	will	 enormously	outnumber	humans.	Devices	 requiring	 sufficient	






to	 develop	 such	 a	 methodology,	 and	 critical	 to	 link	 it	 with	 methodologies	 for	 system	 design	 and	
verification.	 We	 discuss	 the	 key	 factors	 such	 an	 energy	 design	 methodology	 should	 incorporate,	
including	size,	weight,	energy	and	power	densities;	efficiencies	of	harvesters	and	buffers;	time	between	
charges,	(dis)charge	speeds,	and	charge	cycles;	and	availability	and	predictability	of	harvestable	energy.	
Introduction.	 As	 Weiser’s	 vision	 of	 ubiquitous	 computing	 continues	 to	 become	 reality,	 significant	
technical	 challenges	 remain.	 Chief	 among	 them	 is	 achieving	 autonomous	 and	 long-term	 operation	
without	 the	use	of	wires	or	 ‘tethered’	 interfaces.	 From	a	 communications	perspective,	 solutions	have	
emerged	 quickly:	 cellular,	Wi-Fi,	 Bluetooth,	 RFID,	 IEEE	 802.15.4,	 and	 LoRa,	 to	 name	 a	 few.	 However,	
there	 is	 growing	 interest	 in	 providing	 sustainable	 energy	 for	 pervasive	 computers	 using	 wireless	





terms	of:	 the	 range	of	 transmission	of	energy;	 the	physical	 size	of	 transmitters	 and	 receivers;	how	 to	
efficiently	manage	on-board	 conversion,	 storage	 and	management;	 and	how	 to	 tackle	 heterogeneous	
mobility	patterns	where	 receivers	may	be	 in	contact	with	sources	 for	 limited	periods	of	 time	-	due	 to	
being	 mobile	 devices	 themselves,	 or	 because	 they	 use	 mobile	 energy	 sources.	 There	 are	 also	 cases	
where	 both	 source	 and	 receiver(s)	may	 be	 static,	 or	 both	mobile	 (Fig.	 1).	 The	energy	 design	 space	 is	














utility	 can	 be	 had	 for	 so	many	minutes	 charging!	Quantifying	 performance	 versus	 user	 acceptance	 in	
these	 terms	 is	difficult	 and	 subjective,	but	many	 companies	 and	 consumers	 accept	 that	 for	moderate	
use,	one	day	between	charge	cycles	is	reasonable.	Simultaneously,	charging	times	are	improving,	but	are	
also	 difficult	 to	 comparatively	 analyse	 due	 to	 battery	 capacity	 variations;	 although	 typical	 batteries	
cannot	 be	 charged	 in	 less	 than	 30-60	minutes	 as	 a	 compromise	 between	 charging	 speed	 and	 rate	 of	
capacity	degradation.	Today’s	high-end	devices	typically	charge	from	empty	to	full	 in	1-3	hours,	and	as	





Distributed,	 embedded	 wireless	 sensor	 (and	 actuator)	 networks	 (WS(A)N)	 have	many	mixed-mobility	
scenarios,	 and	 were	 initially	 considered	 constrained	 in	 practical	 utility	 by	 finite	 energy	 supplies	
(batteries).	 Lack	 of	 acceptance	 of	 the	 associated	 maintenance	 requirements	 led	 to	 research	 efforts	
focussed	 on	 energy	 efficiency	 across	 a	 spectrum	 of	 related	 themes,	 most	 notably	 communications	
protocols	and	associated	algorithms.	WSN	applications	are	diverse	in	scope,	but	typically	consist	of	static	
devices	 deployed	 across	 a	 sensing	 field	where	data	 is	 transmitted	across	 one	or	more	hops	 toward	 a	
sink/gateway.	 Alternatively,	 data	 are	 collected	 via	 ‘muling’	 with	 a	 mobile	 sink,	 an	 example	 of	 delay-
tolerant	networking	(DTN).		
Improvements	 at	 silicon	 level,	 low	 power	 RF	 and	 processor	 design,	 monolithic	 system-on-chip	 (SoC)	
integration,	and	energy-efficient	communications	protocols,	have	all	facilitated	good	progress	in	making	
energy	harvesting	–	particularly	from	solar	and	air	flow	sources	–	viable	options	in	the	last	ten	years	for	
WSN	 scenarios	 [4,	 5].	 Many	 examples	 have	 emerged	 that	 exploit	 hybrid	 harvesting	 and	 storage	
approaches,	 often	 using	multi-source	 harvesting	 and	multi-storage	 configurations	 typically	 comprising	
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walls	 or	 under	 flooring	 for	 inductive	 wireless	 power	 transfer.	 WiTricity	 (http://witricity.com)	 is	
developing	 products	 that	 do	 exactly	 this.	 For	 home/office	 IoT	 scenarios	 it	 is	 also	 possible	 to	 consider	
other	 wireless	 energy	 sources,	 such	 as	 electromagnetic	 waves	 (i.e.	 radiative	 sources).	 A	 commercial	





generalise	 wireless	 energy	 infrastructure	 based	 on	 ultrasonic	 energy	 transmission,	 despite	 widely	
publicised	 technical	 challenges	 and	 improbability	 of	 success	 [8].	 There	 are	 numerous	 other	 efforts	 to	
demonstrate	acoustic	energy	transfer,	particularly	where	receivers	may	be	otherwise	 inaccessible,	e.g.	
subterranean	pipelines,	structural	monitoring	or	body	implants.	For	example,	methods	of	ultrasonic	and	
inductive	 power	 transfer	 for	 powering	 implanted	 devices	 through	 body	 tissue	 have	 been	 compared,	
finding	that	ultrasonics	are	preferable	for	longer	distances	when	small	receivers	are	used	(e.g.	over	1.5	
cm	 for	 a	 5	 mm	 receiver)	 [9].	 Recently,	 acoustic	 power	 transfer	 through	 solid	 structures	 has	 been	
demonstrated,	 and	 is	 a	promising	method	 in	 cases	where	beneficial	 geometries	exist,	 such	as	beams,	
pipelines	or	panel	structures	[10].	






probably	 in	 array	 configurations.	 Static	 or	 mobile	 devices	 in	 ‘energy	 rich’	 areas	 could	 adopt	 this	
approach,	although	with	significant	variability	in	available	supply.		
Other	 examples	 of	 opportunistic	 harvesting	 that	 necessitate	 static	 deployment	 are	 known,	 such	 as	
thermoelectric	harvesting	exploiting	temperature	differentials	over	time,	using	phase-change	materials,	
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for	 wireless	 sensor	 applications	 such	 as	 structural	 monitoring	 in	 aircraft	 [12].	 Such	 harvesting	
approaches	tend	to	be	heavily	optimised	towards	the	targeted	deployment	scenario	and	the	associated	
ambient	available	energy	sources,	rather	than	being	general-purpose	solutions.		
Completing	 the	mobility	matrix,	 applications	 based	 on	 rendezvous	 scenarios	 between	mobile	 sources	
and	 mobile	 devices/receivers	 are	 also	 possible	 –	 particularly	 if	 one	 considers	 advances	 in	 drone	
technology	and	swarm	coordination,	and	historical	approaches	to	 in-flight	refuelling	in	aviation.	This	 is	
the	 least	 likely	 scenario	 to	 receive	 significant	 attention	 in	 the	 short	 to	 medium	 term	 for	 pervasive	
computing	applications.	
Considering	mobility	 patterns	 relevant	 to	modern	 untethered	 pervasive	 computers,	 the	 only	 scenario	
that	 does	 not	 require	 on-board	 energy	 storage	 is	 one	 in	which	 the	 energy	 source	 and	 receiver(s)	 are	
static	 (or	 of	 limited	mobility	within	 the	wireless	 energy	 transfer	 region	 of	 one	 or	more	 transmitters),	





systems	 synonymous	 with	 WSN,	 cyber-physical	 systems	 and	 IoT	 scenarios	 with	 high	 degrees	 of	
autonomy	and	ultra-long	lived	operational	requirements.	In	particular,	we	are	interested	in	where	these	
systems	 intersect	with	 the	 potential	 to	 exploit	wireless	 energy	 transfer	 and	 harvesting.	 Nevertheless,	
heterogeneous	 mobility	 models,	 requirements	 and	 characteristics	 are	 unavoidable.	 Fig.	 2	 provides	 a	





-	 typically	 in	 the	 tens	 of	milliwatts	 range,	 irrespective	 of	 chip	manufacturers.	More	 recently,	 sleep	 or	
‘low	power	modes’	of	microcontrollers	 can	operate	 in	 the	 sub-microwatt	 range,	 for	example	 the	NXP	
LPC1100L	 series	 based	 on	 the	 ARM	 Cortex-M0	 architecture.	 SoC	 implementations,	 combining	 IEEE	
802.15.4	radios	and	microcontrollers,	e.g.	TI-CC430	and	NXP-JN5168,	provide	similar	low-power	modes	
and	comparable	RF	power	performance	(~15-17	mA	in	TX	and	RX	modes).	There	remains	a	convincing	









Energy	 Evolution.	 Application-level	 performance	 and	 operational	 requirements	 are	 fundamental	
considerations	 for	 energy	 design.	Minimum	 performance	 and	 operational	 criteria	 are	 often	 stated	 in	








application.	 The	 operation	 of	 a	 device	 in	 such	 a	 network	 can	 be	 modelled	 as	 a	 simple	 finite	 state	
machine,	where	average	power	is	the	weighted	average	of	the	active	and	sleep	phase	power.	The	active	
phase	 includes	 data	 acquisition,	 processing	 and	 transmission,	 and	 the	 sleep	 phase	 includes	 the	 time	
spent	 in	 low	 power	 modes	 and	 performing	 other	 tasks.	 Given	 a	 finite	 energy	 supply,	 it	 is	 easy	 to	
estimate	 the	 lifetime	of	a	 sensor	node	by	dividing	 its	 capacity	 rating	by	average	 rate	of	 consumption,	
taking	into	account	self-discharge	of	the	battery	and	environmental	factors.		
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Energy	 Design.	 Harvesting	 is	 increasingly	 included	 in	 designs	 (e.g.	 EnOcean),	 and	 sensor	 network	






impossible	 due	 to	 device	 placement	 in	 inaccessible	 locations.	 Most	 WSN-type	 applications	 aim	 to	
achieve	 a	 sub-1%	 DC,	 which	 is	 essential	 to	 enable	 a	 long-lived	 application,	 and	 given	 the	 ultra-low	
current	draw	 in	modern	components	may	mean	 that	 in	many	cases	 the	 limiting	 factor	 in	determining	
lifetime	of	a	node	is	the	self-discharge	rate	of	the	battery.				
Approaches	 to	 system	 level	 co-design	 are	 beginning	 to	 include	 energy	 as	 a	 primary	 element	 of	 the	
design	 space,	 although	 this	 is	 largely	 restricted	 to	 research	 projects.	 Thus,	 models	 of	 reasonably	
predictable	 ambient	 energy	 sources	 are	 under	 development	 and	 improvement.	 These	 are	 typically	




part	 of	 the	 design	 process,	 the	 ambient	 available	 energy	 from	 potential	 harvesting	 sources	 is	
determined	using	surveys,	or	estimated	based	on	available	data,	such	as	prevailing	weather	conditions.	




surface	area	or	volume	 for	a	number	of	potential	harvesting	solutions	proposed	 in	 the	 literature	over	
the	years.	Without	a	high	degree	of	predictability	of	 the	ambient	source	 it	cannot	be	guaranteed	that	













Power	 Consortium	 (http://wirelesspowerconsortium.com)	 introduced	 the	 ‘Qi’	 standard	 for	 wireless	
charging	of	devices,	at	very	short	range,	at	up	to	5	W.				
However,	 there	 is	 significant	performance	degradation	 in	 terms	of	energy	 transfer	when	 the	distance	
between	transmitter	and	receiver	exceeds	approximately	one	coil	diameter,	due	to	the	rapid	reduction	
in	magnetic	 field	strength	away	from	the	transmitting	coil	 (which	 is	 in	the	cm	or	mm	range	for	typical	
electronics	 devices	 due	 to	 size	 and	 packaging	 constraints)	 and	when	misalignment	 occurs;	 a	 problem	
which	 can	 be	 solved	 using	 magnets	 to	 hold	 devices	 almost	 precisely	 in	 place.	 Charging	 electric	
toothbrushes,	 smartphones,	watches,	etc.,	 in	 this	way	 is	practical	 in	most	 cases,	but	 is	 less	 than	 ideal	
where	almost	direct	and	aligned	contact	is	impossible.	WSN	applications,	for	example,	where	distributed	
devices	 may	 be	 inaccessible	 or	 arbitrarily	 oriented,	 make	 wireless	 transfer	 using	 simple	 inductive	
coupling	impractical.	
If	 the	 transmit	 and	 receive	 coils	 are	 operated	 at	 a	 frequency	 to	 maximise	 their	 Q-factors,	 so	 as	 to	




region	 often	 called	 ‘mid-range’	 [13].	 The	 tuning	 out	 of	 the	 coil	 inductances	 with	 capacitors	 to	 both	
reduce	the	VA	rating	of	the	drive	electronics	and	improve	link	efficiency	has	been	long	known,	and	most	
practical	inductive	power	transfer	(IPT)	systems	have	employed	this	for	some	time	[18].	
Developing	 the	 principle,	 Kurs	 et	 al.	 showed	 that	 for	 mid-range	 applications	 it	 is	 possible	 to	
simultaneously	 power	multiple	 devices,	where	 the	 devices	 have	much	 smaller	 surface	 areas	 than	 the	
source.	 It	 has	 since	 been	 demonstrated	 over	 greater	 distances	 in	 sensor	 system	 power	 ranges	 using	
smaller	 receivers,	 achieving	 around	 10	 mW	 received	 at	 6	 m	 stand	 off	 [19].	 We	 summarise	 the	 key	
features	of	IPT	devices	for	different	size	scales	in	Table	I.			






to	 EM	 waves	 are	 set	 by	 different	 bodies	 in	 different	 countries	 based	 on	 the	 same	 basic	 principles,	
intended	 to	 limit	 both	 tissue	 heating	 and	 muscle	 and	 nerve	 stimulation	 effects.	 The	 World	 Health	
Organisation	set	guidelines	based	on	IEEE	and	ICNIRP	recommendations.	Absolute	levels	for	ICNIRP	and	
IEEE	differ,	 but	 are	both	based	on	basic	 restrictions:	maximum	allowed	 in-body	magnetic	 and	electric	
field	strengths	as	a	function	of	frequency.	As	these	internal	quantities	are	difficult	to	measure,	a	set	of	
reference	 levels	 are	 described	 for	 outside	 of	 body	 measurements,	 which	 if	 adhered	 to,	 allow	 basic	
restrictions	 to	 be	 met.	 Typical	 specific	 absorption	 rate	 limits	 are	 10-20	W/kg	 depending	 on	 where	
heating	occurs,	and	less	than	400	mW/kg	across	the	entire	body.	As	the	limit	values	are	more	generous	
for	low	frequencies	(in	the	100	kHz	range)	than	at	higher	frequencies	used	for	IPT	(e.g.	ISM	bands	at	6.78	






range		 Ø	2	–	10	mm	 Ø	20	–	100	mm	 Ø		>	100	mm	
Required	




Power	range	 <	10	W	 <	10	W	 <	100	W	
Resonance	










On-board	 storage.	 Lithium	 ion	 batteries	 dominate	 in	mobile	 electronics	 applications	 because	 of	 their	
high	 energy	 density.	 In	 these	 applications	 their	 relatively	 high	 cost,	 and	 limited	 number	 of	 charge-
discharge	cycles,	are	generally	considered	acceptable.	However,	as	with	other	battery	chemistries	they	
have	 low	 power	 densities,	 which	 can	 be	 a	 drawback	when	 the	 application	 has	 highly	 “peaky”	 power	
demand,	 and	 certainly	 limits	 the	 ability	 to	 do	 rapid	 recharging,	 as	will	 be	 needed	 for	 the	 scenario	 of	
mobile	 power	 sources	 wirelessly	 recharging	 multiple	 devices	 in	 turn.	 Supercapacitors	 provide	 an	
alternative	 storage	 solution	 that	 looks	 increasingly	 attractive.	 Functionally	 occupying	 a	middle	 ground	
between	batteries	and	conventional	 capacitors,	 they	offer	 charging	 times	of	10s	of	 seconds	 (Table	 II),	
but	 energy	 densities	 about	 10x	 less	 than	 lithium	 batteries	 (Fig.	 4).	 As	 a	 long-term	 storage	 solution,	
however,	 they	 fail	 because	 of	 their	 short	 self-discharge	 times	 of	 a	 few	 days.	 In	 a	 daily	 recharging	
scenario	 this	 is	 tolerable,	 but	 considering	 again	 the	 use	 of	mobile	 power	 sources,	 e.g.	 for	 embedded	
sensors,	what	is	really	desirable	is	short	charge	times	(a	few	minutes	or	less)	combined	with	long	periods	




and	 long	 operational	 life.	 Efficient	 energy	 transfer	 circuits	 are	 available	 for	 this	 purpose;	 they	 drop	
dramatically	in	performance	when	the	input	(i.e.	supercap)	voltage	falls	below	a	few	hundred	mV,	but	if	
the	battery	voltage	is,	say,	3-4	V,	then	a	residue	of	even	0.5	V	in	the	capacitor	represents	only	a	few	%	of	




















FEATURES OF 10 GRAMS OF STATE-OF-THE-ART ENERGY STORAGE 












maximum	safe	discharge	 rate),	duty	cycled	at	 less	 than	0.1%,	 loses	one	 third	of	 its	energy	 to	 leakage.	
Therefore,	the	self-discharge	rate	of	a	storage	medium	can	be	considered	as	a	lower	limit	of	beneficial	
duty	 cycling.	 Lithium	 primary	 batteries’	 self-discharge	 rates	 are	 significantly	 less	 than	 those	 of	
rechargeable	chemistries	 (1%	of	nominal	 capacity	per	annum	 is	 typical	of	off-the-shelf	packages),	 and	
are	 still	 one	 of	 the	 best	 solutions	 for	 applications	 that	 lend	 themselves	 to	 duty-cycled	methods.	 The	
charging	speed	of	supercapacitors	is	limited	by	wireless	power	transfer	system	state-of-art,	as	opposed	
to	the	battery	case,	where	the	 limiting	factor	 is	 the	battery	charging	speed.	Coupling	these	 limitations	
with	size,	orientation	and	proximity	constraints,	 IPT	is	not	 likely	to	be	a	widespread	solution	to	energy	
provision	in	many	application	contexts.		
The	 energy	 design	 space	 remains	 informal	 and	 subjective.	 There	 is	 no	 discernible	 methodological	
approach,	 and	 there	 are	 insufficient	 analyses	 in	 the	 literature	 concerning	 emerging	 battery	 and	
supercapacitor	 technologies	 with	 regard	 to	 their	 use	 in	 contemporary	 applications,	 beyond	 solar-
supercapacitor	systems	that	are	now	well	known.	Nevertheless,	with	the	increasing	need	for	long-lived	
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